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ABSTRACT 
DETERPIINATION OF THE FATE OF POLYNUCLEAR AROMATIC 
HYDROCARBONS I N  NATURAL WATER SYSTEMS 
The p o l y n u c l e a r  a r o m a t i c  hydrocarbons,  o r  PAH, a r e  o f  c u r r e n t  concern 
as wa te r  p o l l u t a n t s  and p o t e n t i a l  h e a l t h  hazards.  The presence o f  PAH i n  
n a t u r a l  wa te r  systems was eva lua ted  and an a n a l y t i c a l  t echn ique  f o r  
s p e c i f i c  PAH was developed. It was found t h a t  t h e  PAH a r e  n o t  s o l u b l e  
i n  w a t e r  b u t  t h e y  e i t h e r  a r e  p r e s e n t  as p a r t i c u l a t e  m a t e r i a l  o r  as 
m a t e r i a l  adsorbed on s o l i d  su r faces  i n  n a t u r a l  w a t e r  systems. The 
photodecompos i t ion  o f  two PAH, 1,2 benzanthracene, o r  BA, and 3,4 benzpyrene, 
o r  BP, was examined. Bo th  compounds decompose under  u l t r a v i o l e t  l i g h t  
t o  f o r m  t h e i r  quinones,  wh ich then f u r t h e r  decompose. Bo th  BP and BA 
decompose f o l l o w i n g  f i r s t  o r d e r  k i n e t i c s  i n  t r u e  s o l u t i o n  i n  20 p e r c e n t  
acetone i n  water .  P a r t i c u l a t e  BA a l s o  decomposes f o l l o w i n g  f i r s t  o r d e r  
r e a c t i o n  k i n e t i c s ,  a1 though p a r t i c u l a t e  BP w i l l  decompose o n l y  t o  a 
dep th  o f  0.2 pm b e f o r e  decompos i t ion  s tops .  T h i s  decompos i t ion  i s  
r e l a t i v e l y  u n a f f e c t e d  by  wa te r  c h e m i s t r y  and w i l l  o c c u r  under s o l a r  
r a d i a t i o n  and i n  t u r b i d  waters .  
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DETERMINATION OF THE FATE OF POLYNUCLEAR AROMATIC 
HYDROCARBONS I N  NATURAL WATER SYSTEMS 
by 
Paul R. McGinnes 
and 
Vernon L. Snoeyink 
INTRODUCTION 
The o r i g i n a l  o b j e c t i v e  o f  t h e  research p r o j e c t  r epo r ted  on i n  t h e  
f o l l o w i n g  t e x t  was t o  develop a n a l y t i c a l  techniques f o r  t h e  separa t ion  
and i d e n t i  f i c a t i o n  o f  po l  ynuc l  e a r  aromat ic  hydrocarbons (PAH) i n  aqueous 
systems and t o  s tudy  t h e i r  sources and f a t e  i n  t he  environment. An 
i n i t i a l  rev iew o f  t h e  1 i t e r a t u r e  i n d i c a t e d  t h a t  s a t i s f a c t o r y  a n a l y t i c a l  
techniques f o r  a n a l y s i s  were a v a i l a b l e  and t h a t  t he  sources o f  PAH had 
been f a i r l y  w e l l  i d e n t i f i e d .  Accord ing ly ,  t he  major  f o c a l  p o i n t  o f  
t he  exper imenta l  phase o f  t h i s  research has been on t h e  f a t e  o f  PAH i n  
aqueous systems w i t h  spec ia l  emphasis be ing  g iven  t o  t h e  degradat ion o f  
these compounds w i t h  u l t r a v i o l e t  1 i g h t .  
PAH a re  o f  p a r t i c u l a r  concern i n  t he  environment because they  a re  
p o t e n t i a l  h e a l t h  hazards. These compounds n o t  o n l y  accumulate i n  b i o t a ,  
i n c r e a s i n g  e f f e c t i v e  concen t ra t i on  w i t h  exposure i n  the  food  chain,  b u t  
a re  p o t e n t i a l  o r  demonstrated carcinogens. These compounds a re  ub iqu i t ous  
and a re  found i n  smal l  b u t  de tec tab le  concen t ra t ions  i n  a i r ,  wa te r  and 
s o i l  samples o f  a l l  types. They a r e  n a t u r a l  products  o f  o rgan ic  decomposit ion 
and a re  products  o f  incomplete combustion, petrochemical ,  coa l ,  and chemical 
industrial processes. A1 though the concentr*ations found are typically 
small, ranging from 0.001 to 10 vg /a ,  they are concentrated and 
accumulated in organic f a t ty  material a n d  are thus concentrated in the 
food chain and accumulated in humans as well, thus causing a potential 
heal t h  hazard. 
In natural stream systems, any PAH present will be e i ther  transported 
to the ocean, removed, or  decomposed. Removal may occur through consumption 
by biota, adsorption on biological material, or adsorption or  mineral 
matter suspended in the stream, or in the bottom material. Decomposition 
may occur through biological metabolism or through chemical oxidation. 
Transport occurs, of course, in the absence of the other mechanisms. 
These factors are not mut~jally exclusive and may ac t  e i ther  compet- 
i t ively or  synergisticly. Biological assimilation would precede metabolism, 
adsorption on mineral surfaces may a l t e r  or  catalyze chemical oxidation, 
a n d  adsorption on suspended material may faci 1 i  t a t e  transport. Further- 
more, decomposition of the original compounds does not guarantee that 
they are removed from concern and no longer represent hazards, as the 
decomposition products themselves may be carcinogenic (Caval i e r i  and 
Calvin, 1971 ). Because the i r  behavior in the environment i s  unknown, 
the real problem to be faced i s  the determination of the f a t e  of the PAH 
in natural water systems. This in i t i a l  step i s  essential i f  the effects  
of PAH present in the environment are to be determined a n d  effective 
treatment methods are to be devised. While consideration of a1 1 factors 
relative to the f a t e  of these compounds i s  obviously beyond the scope 
of th is  project, the research was designed to consider individual facets 
o f  t h e  problem and t o  more p r e c i s e l y  de f ine  behav io r  under c e r t a i n  
c i  rcumstances. 
The purpose o f  t h i s  research was t o  determine t h e  e f f e c t s  o f  c e r t a i n  
f a c t o r s  t y p i c a l  o f  c h a r a c t e r i s t i c s  found i n  n a t u r a l  stream systems on 
s e l e c t e d  PAH t o  beg in  t o  d e f i n e  t h e  f a t e  of these compounds i n  t h e  
env i  ronmen t . 
POLYNUCLEAR AROMATIC HYDROCARBONS I N  THE ENVIRONMENT: 
THEIR OCCURRENCE AND REACTIONS 
The Occurrence o f  PAH i n  t h e  Aqueous Environment 
A1 though PAH a re  p o t e n t i a l l y  o f  g r e a t  concern i n  t h e  aqueous env i r on -  
ment, r e l a t i v e l y  l i t t l e  work has been performed t h a t  i s  d i r e c t l y  concerned 
w i t h  PAH i n  n a t u r a l  water  systems and t h e  de te rm ina t i on  o f  t h e i r  f a t e .  
S u f f i c i e n t  work has been performed, however, t o  e s t a b l i s h  a s o l i d  
f ounda t i on  upon which t h e  research necessary t o  determine t h e  f a t e  o f  
t h e  PAH may be b u i l t .  
The presence o f  PAH i n  t h e  environment and t h e i r  p o t e n t i a l  sources, 
bo th  n a t u r a l  and a r t i f i c i a l  , have been t ho rough l y  documented by 
Andelman and Suess (1970). Concent ra t ions ranged f rom lows of 0.007 
u g l a  i n  t a p  wa te r  t o  0.001 t o  0.15 u g l a  i n  va r i ous  European ground waters.  
R e l a t i v e l y  pure su r f ace  waters  con ta ined  concen t ra t i ons  o f  PAH rang ing  
f rom 0.05 t o  3 u g l a  w h i l e  contaminated su r f ace  waters  d i r e c t l y  below 
i n d u s t r i a l  waste e f f l u e n t  d ischarges con ta ined  as much as 12 u g l a  o f  
benzpyrene alone. H e a v i l y  contaminated i n d u s t r i a l  waste e f f l u e n t s  f rom 
cok ing,  o i l  sha le  o r  o i l - g a s  ope ra t i ons  may con ta i n  as much as 500 t o  
1,000 v g / a  of benzpyrene. 
Measurable concentrations of to ta l  PAH and spec i f ic  compounds a lso  
have been found i n  domestic waste waters, fresh and sea water, bottom 
materials ,  and biological matter i n  both fresh and sea water. 
In summary PAH a r e  ubiquitous i n  the  environment and are found i n  
measurable concentrations i n  water, bottom materials  and biological matter 
of a l l  types. 
Analysis of PAH 
One of the major problems encountered i n  the study of PAH i s  the 
analysis  of the compounds themselves. Due t o  the presence of a number 
of compounds i n  a  mixture i n  natural systems and the very small concen- 
t ra t ions  i n  which they a re  found, the analytical  technique chosen must 
be spec i f ic  f o r  individual compounds and ye t  suf f ic ien t ly  sens i t ive  
to  detect  the compounds i n  typical natural concentrations. 
Of the  various techniques available t o  analyze organics i n  natural 
systems, adsorption on activated carbon followed by sol vent extract ion,  
freeze concentration, and gas chromatography have been used successfully. 
Adsorption on activated carbon followed by extraction by an organic 
solvent o f fe r s  several disadvantages, however, i n  t h a t  i t  i s  not a 
quant i ta t ive  procedure and reactions of the compounds may occur on the 
carbon (Et t inger ,  1965; Faust and Suffe t ,  1969). Freeze concentration 
as  deta i led by Baker (1965) is a re la t ive ly  complex process and further-  
more i s  most successful w i t h  organics qui te  soluble i n  water. 
Solvent-solvent extract ion,  using an organic solvent t o  o r ig ina l ly  
remove the PAH from the aqueous system followed by gas chromatography 
o f  t he  e x t r a c t e d  s o l v e n t  m a t e r i a l ,  has been demonstrated t o  be a  most 
e f f i c i e n t  and e f f e c t i v e  method o f  q u a n t i t a t i v e l y  and q u a l i t a t i v e l y  
e v a l u a t i n g  PAH i n  aqueous sytems (McGinnes, 1974). 
Cherrlical and B i o l o g i c a l  C h a r a c t e r i s t i c s  and Treatment o f  PAH 
The behav io r  o f  t h e  PAH may be l a r g e l y  asc r i bed  t o  t h e i r  chemical 
c h a r a c t e r i s t i c s .  These corrlpounds a r e  p l a n a r  condensed m u l t i - r i n g  s t r u c t u r e s  
possessing 1  i t t l e  o r  no s u b s t i t u t i o r l  by  a1 k y l  groups and t h e  t o t a l  absence 
o f  p o l a r  groups. The condensed r i n g  s t r u c t u r e  p rov ides  a  mo lecu la r  
s t a b i l  i ty t h a t  makes decornposi t i o n  o r  d i s r u p t i o n  o f  t h e  compound q u i t e  
d i f f i c u l  t. The compounds themselves a r e  u n i v e r s a l l y  hydrophobic,  
i n s o l u b l e ,  non-polar,  non- ion ic ,  and q u i t e  s tab le .  The two compounds 
p r i m a r i l y  used i n  t h i s  i n v e s t i g a t i o n ,  1,2 benzanthracene, BAY and 3,4 
benzpyrene, BP, a r e  t y p i c a l  PAH compounds. 
PAH a re  q u i t e  i n s o l u b l e  i n  wa te r  and may n o t  be d i r e c t l y  d i s s o l v e d  
i n  aqueous systern ( B o r n e f f  and Knerr, 1960). They may, however, be 
s t a b i l i z e d  i n  a  c o l l o i d a l  suspension by  t h e  a d d i t i o n  o f  su r face  a c t i v e  
agents (Klevens, 1950; McBain and Hutchinson, 1955). They may a l s o  be 
d i s s o l v e d  i n  a  water -organic  s o l v e n t  m i x t u r e  such as water  and methyl  o r  
e t h y l  a1 coho1 , dioxane, o r  acetone (Suess, 1967). Being q u i t e  i n s o l u b l e  
i n  aqueous systems, PAH a r e  r e a d i l y  adsorbed on and a r e  found on a l l  
v a r i e t i e s  o f  bottom1 sediments and s o l  i d  m a t e r i a l  s  (Andelman and Suess, 
1970). 
A l though PAH a r e  q u i t e  hydrophobic and d i s s o l v e  o n l y  w i t h  g rea t  
d i f f i c u l t y  i n  aqueous systems, they  d i s s o l v e  q u i t e  r e a d i l y  i n  non-po la r  
o rgan i c  so lven ts .  As a  r e s u l t ,  t hey  a r e  drawn t o  and r e a d i l y  d i s s o l v e  
and accumulate i n  b i o l o g i c a l  m a t t e r  i n  non-po lar  f a t t y  m a t e r i a l .  Th i s  
i s  q u i t e  s i g n i f i c a n t  as PAH a r e  a l s o  p o t e n t i a l  o r  demonstrated carc inogens 
and t h e  compounds concen t ra ted  i n  b i o l o g i c a l  m a t e r i a l  may be cancer 
caus ing (Shimkin  -- e t  a l . ,  1951). Furthermore, t h e r e  i s  ev idence t h a t  
t h e  ca rc inogenes is  o f  t h e  PAH i s  a c t u a l l y  a  r e s u l t  o f  t h e i r  decornposit ion 
i n  b i o l o g i c a l  systems and t h e  decomposi t ion products  o f  PAH themselves 
may be carc inogen ic  as w e l l  ( C a v a l i e r i  and C a l v i n  1971; Ames -- e t  a1 ., 
1972). The PAH may a l s o  be b i o l o g i c a l l y  o x i d i z e d  by  mammals (Sims, 1970) 
and by m i c r o b i a l  metabol ism (Gibson and Chapman, 1971 ) .  These m a t e r i a l s  
a re  a1 so removed by  b i o l o g i c a l  a s s i m i l  a t i o n  and conven t iona l  waste t r e a t -  
ment processes (Wedgewood and Cooper, 1954). I n  a  s tudy  o f  t h e  
degrada t ion  o f  PAH and r e l a t e d  compounds by  a c t i v a t e d  sludge, Malaney 
e t  al. ,  (1967) r e p o r t e d  t h a t  ve r y  l i t t l e  removal was observed. Un fo r t una te l y ,  
--
ser ious  d e f i c i e n c i e s  i n  t h a t  p a r t i c u l a r  research made t h e  conc lus ion  
a1 most meaningless. Non-accl imated s l  udge samples were exposed t o  
concen t ra t i ons  o f  500 mg/a o f  s o l i d  PAH compound. When Warburg 
de te rmina t ions  i n d i c a t e d  t h a t  no o x i d a t i o n  was occu r r i ng ,  Malaney and 
co-workers concluded t h a t  a c t i v a t e d  s ludge cou ld  n o t  be e f f e c t i v e l y  used 
t o  t r e a t  compounds o f  t h i s  type. It i s  q u i t e  probable ,  however, t h a t  
d i f f e r e n t  r e s u l t s  would have been observed i f  more t y p i c a l  c o n c e n t r a t i o r ~ s  
of PAH had been exposed t o  acc l imated  popu la t i ons  o f  a c t i v a t e d  sludge; 
f u r t h e r  research  a long these 1 ines  i s  d e f i n i t e l y  needed. 
Convent ional  phys i ca l  t rea tment  methods a1 so p a r t i  a1 1  y remove PAH. 
Removals were observed f o r  bo th  r a p i d  sand f i l t r a t i o n  and f l o c c u l a t i o n  
and sed imenta t ion  of sur face waters. Most e f f e c t i v e  i n  t h e  rerr~oval o f  
PAH i s  adso rp t i on  on a c t i v a t e d  carbon a l though even a c t i v a t e d  carbon 
f i l t r a t i o n  removes o n l y  99 percen t  o f  t h e  i n f l u e n t  PAH and leaves a 
r e s i d u a l  i n  t h e  e f f l u e n t  (Andelman and Suess, 1970). Even when p h y s i c a l l y  
removed f rom t h e  system, however, t h e  PAH remain as p o t e n t i a l  carcinogens. 
To e f f e c t i v e l y  be e l  i rn inated f rom concern t hey  must be decomposed. 
These compounds rrlay be decomposed e i t h e r  b i o l o g i c a l l y  o r  chemica l l y .  
Whi le they rnay be decorr~posed b i o l o g i c a l l y  by m i c r o b i a l  enzymatic o x i -  
da t i on ,  t he  PAH may be chemically decomposed e i t h e r  by reduc t i on  o r  
ox i da t i on .  Since these condensed hydrocarbons a re  o n l y  reduced under 
c o n d i t i o n s  n o t  norma l l y  encountered e i t h e r  i n  t h e  environment o r  i n  
common t rea tment  processes, i t  i s  most probable t h a t  o x i d a t i o n  w i l l  account 
f o r  any decomposit ion encountered i n  t h e  env i  ronment. 
T i  pson (1  965) has cornpi 1 ed and enumerated t h e  var ious  methods by 
which PAH are  ox id ized .  Most o f  t h e  methods examined demand non-aqueous 
systems, h i g h  concent ra t ions  o f  va r ious  reagents,  h i g h  temperatures o r  
pressures, o r  combinat ions o f  a l l  o f  these f a c t o r s ,  t o  o x i d i z e  t h e  PAH. 
O f  t h e  var ious  methods enumerated, o n l y  o x i d a t i o n  by ha logenat ion,  
s p e c i f i c a l l y  ch lo r i na t i on ,  o r  by ozonat ion,  o r  by u l t r a v i o l e t  1 i g h t  degra- 
da t i on  would commonly be encountered i n  t h e  environment, o r  i n  common 
waste t rea tment  processes. O f  these t h r e e  methods, c h l o r i n a t i o n  and 
ozonat ion  would o n l y  be found i n ,  o r  i n  t h e  immediate v i c i n i t y  o f ,  a 
wate r  o r  wastewater t rea tment  p l a n t .  Photochemical o x i d a t i o n  by u l t r a -  
v i o l e t  r a d i a t i o n  would be t h e  o n l y  degradat ion process commonly encountered 
i n  n a t u r a l  stream systems. 
It has been observed t h a t  BP r e a d i l y  degrades under UV r a d i a t i o n ,  
8 
y i e l d i n g  6,12 benzpyrene quinone, 1,6 benzpyrene quinone, and 3,6 
benzpyrene quinone (Kuratsune and H i r o h i  t a ,  1962; Masuda and Kuratsune, 
1966). BAY on t h e  otherhand, has n o t  been observed t o  decompose under 
o r d i n a r y  sources o f  u l t r a v i o l e t  r a d i a t i o n  found i n  t h e  l a b o r a t o r y .  Typ i ca l  
lamps used i n  these i n v e s t i g a t i o n s  were o r d i n a r y  coo l  f l u o r e s c e n t  t ype  
larnps. Inscoe ( 1  964),  however, d i d  observe p o s s i b l e  degrada t ion  o f  BA 
under h i g h  l e v e l s  o f  u l t r a v i o l e t  i l l h r n i n a t i o n .  
A1 though p rev ious  s tud ies  have examined PAH degrada t ion  i n  non- 
aqueous s o l v e n t  systerns, Andelrrlan and Suess (1972) and Suess ( 1  967) at tempted 
t o  extend t h e  s tudy  o f  t h e  decomposi t ion o f  BP i n t o  aqueous systerns. Suess 
adsorbed BP on to  c a l c i t e  and examined t h e  photodecomposi t ion o f  BP under 
i l l u m i n a t i o n  by o r d i n a r y  f l u o r e s c e n t  l i g h t s .  H i s  i n v e s t i g a t i o n  i n d i c a t e d  
t h a t  BP w i l l  adsorb on c a l c i t e  as w e l l  as a number o f  o t h e r  m a t e r i a l s  
f rom a t r u e  s o l u t i o n  o f  20 percen t  acetone and water.  Furthermore, when 
t h e  BP adsorbed on c a l c i t e  i s  i r r a d i a t e d  i n  an aqueous suspension t h e  BP 
w i l l  decompose, f o l l o w i n g  what appears t o  be a f i r s t  o r d e r  r eac t i on .  
Un fo r t una te l y ,  Suess d i d  n o t  f u r t h e r  i n v e s t i g a t e  t h e  ac tua l  r e a c t i o n  * 
and determine decomposi t ion products .  Furthermore, t h e  behav io r  o f  
aqueous suspensions o f  BP and i t s  re1  a ted  photodecornposi t i o n  and a c t u a l  
r e a c t i o n  mechanisms were n o t  i n v e s t i g a t e d .  
A more d e t a i l e d  d i scuss ion  o f  these areas may be found i n  t h e  o r i g i n a l  
t h e s i s  (McGinnes, 1974). 
Areas Requ i r i ng  F u r t h e r  Research 
Whi le  t h e  presence and importance o f  PAH i n  n a t u r a l  systems a r e  
und i  spu ted  , t h e  a c t u a l  f a t e  o f  these compounds i n  environmental  waters  
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appears e s s e n t i a l .  
MATERIALS AND METHODS 
M a t e r i a l  s 
The s p e c i f i c  po l ynuc lea r  hydrocarbons chosen f o r  t h i s  research, 
1,2 benzanthracene, BAY and 3,4 benzpyrene, BP, were s e l e c t e d  f o r  t h e i r  
1,2 Benzanthracene 3,4 Benzpyrene 
d i f f e r i n g  c h a r a c t e r i s t i c s .  Whi le bo th  a r e  u n s u b s t i t u t e d  po l ynuc lea r  
a romat i c  hydrocarbons, BA i s  open i n  s t r u c t u r e ,  marg ina l  l y  carc inogen ic ,  
and was general  l y  cons idered t o  be s t a b l e  under  u l t r a v i o l e t  r a d i a t i o n .  
BP i s  condensed i n  s t r u c t u r e ,  h i g h l y  ca rc inogen ic ,  and r e a d i l y  decomposes 
under u l t r a v i o l e t  r a d i a t i o n .  Both a re  re1  a t i v e l y  chem ica l l y  s t a b l e  and 
more r e a d i l y  a v a i l a b l e  i n  p u r e r  forrn than o t h e r  p o t e n t i a l  compounds. 
Furthermore, BP has been w i d e l y  used i n  research and i s  more common i n  
t h e  environment than most o t h e r  cornpounds, and has been the  s u b j e c t  o f  
cons iderab le  a t t e n t i o n .  The compounds used were c r y s t a l  1 i n e  research 
grade ob ta i ned  f rom Sigma Chemical Company, St.  Lou is ,  M i ssou r i .  They 
were used d i r e c t l y  as ob ta i ned  and gas chromatographic analyses o f  t he  
compounds i n d i c a t e d  no de tec tab le  concen t ra t i on  o f  se r i ous  contaminants.  
The o rgan i c  so l ven t s  used throughout  were spec t ropho tomet r i c  grade 
and were chosen s p e c i f i c a l l y  f o r  t h e i r  qua1 i ty. Wherever poss ib le ,  a1 1  
t h e  o rgan i c  so l ven t s  used f o r  a  s p e c i f i c  s e r i e s  o f  exper iments were 
drawn f r om t h e  same 1  o t .  
The kaol i n i t e  used was API Standard Kaol i n i t e  No. 7, chosen because 
o f  i t s  c a r e f u l l y  de f i ned  c h a r a c t e r i s t i c s  (API P r o j e c t  49, 1951) and i t s  
ease of handl i ng .  The c l a y  i s  a v a i l a b l e  i n  research q u a n t i t i e s  f rom Ward's 
Na tu ra l  Science Estab l ishment ,  Inc., Rochester, N. Y. 
A n a l y t i c a l  Methods 
The p r ima ry  a n a l y t i c a l  method used f o r  t h e  r r ~ a j o r i t y  o f  t he  research 
performed was q u a n t i t a t i v e  gas chromatography. Th i s  method was chosen 
because o f  i t s  s e n s i t i v i t y  and i t s  a b i l i t y  t o  separate,  q u a l i t a t i v e l y  
i d e n t i f y ,  and q u a n t i t a t i v e l y  analyze i n d i v i d u a l  compounds i n  a  m i x tu re .  
The technique developed i n v o l  ved so l  ven t - s o l  ven t  e x t r a c t i o n  f o l  1  owed 
b y  gas chromatographic a n a l y s i s  o f  t h e  e x t r a c t  f o r  s p e c i f i c  compounds. 
Genera l l y ,  t h e  compounds o f  i n t e r e s t  were con ta ined  i n  an aqueous suspension 
o f  500 m l  t o  one 1  i t e r  i n  t o t a l  vol  ume. Th i s  suspension was e x t r a c t e d  
w i t h  e i t h e r  20 m l  o r  25 m l  o f  spec t ropho tomet r i c  grade benzene. The 
sample s i z e  was changed d u r i n g  t he  course o f  t h e  research t o  ease phys i ca l  
handl i ng .  
The e x t r a c t i o n  was accompl i shed  by adding benzene d i r e c t l y  t o  t h e  
o r i g i n a l  f l a s k  c o n t a i n i n g  t he  suspension. The e n t i r e  suspension yas then 
s t i r r e d ,  u s i n g  a  magnet ic s t i r r e r  w i t h  s u f f i c i e n t  energy so t h a t  d r o p l e t s  
o f  benzene were d ispersed  th roughou t  t h e  aqueous p o r t i o n .  A f t e r  one hour 
of s t i r r i n g ,  t h e  two l a y e r s  were a l lowed t o  s t a b i l i z e  and t he  benzene 
p o r t i o n  was separated, u s i n g  a  separa to ry  f unne l .  
The benzene e x t r a c t  was then  s to red  i n  t h e  dark  i r ~  a  v i a l  t i g h t l y  
c losed  w i t h  an aluminum f o i l  l i n e d  screw t o p  cap u n t i l  i t  c o r ~ l d  be analyzed 
by gas chromatography. 
The gas chromatograph used was t h e  Hewlet t -Packard Model 5750 dua l  
column i ns t r umen t  hav ing bo th  f l ame i o n i z a t i o n  and thermal c o n d u c t i v i t y  
de tec to r s ,  manufactured by Hewlett-Packard, Inc. ,  Avondale D i v i s i o n ,  
Avondale, Pennsylvania.  The f lame i o n i z a t i o n  d e t e c t o r s  were used f o r  
maximum s e n s i t i v i t y .  The columns used were 6 '  x  1/4" d iameter  copper 
t u b i n g  c o n t a i n i n g  80 t o  100 mesh chromsorb W, a c i d  washed, coated w i t h  
10 pe rcen t  by  we igh t  Dow Corning h i g h  vacuum grease. He1 iurr~ was used 
as a  c a r r i e r  gas a t  a  f l o w  o f  40 m l  pe r  minute.  
The chromatograph was used i s o t h e r m a l l y  w i t h  b o t h  t h e  i n j e c t i o n  p o r t s  
and t h e  d e t e c t o r s  h e l d  a t  360° C w h i l e  t h e  oven was ma in ta ined  a t  a  cons tan t  
temperature o f  300' C f o r  t h e  i n i t i a l  stages o f  t h e  research .  Dur ing  t h e  
l a t e r  s tages o f  research,  when bo th  t h e  o r i g i n a l  cornpourrds and t h e i r  
decomposi t ion p roduc ts  were be ing examined, t h e  oven was operated a t  240° C 
f o r  BA a n a l y s i s  and 265' C f o r  BP ana l ys i s .  
The p a r t i c u l a r  column used was chosen f o r  i t s  a b i l i t y  t o  opera te  a t  
t h e  h i g h  temperatures necessary and i t s  a b i l i t y  t o  e f f e c t i v e l y  separate  t he  
hydrocarbons i n  quest ion.  A  m i x t u r e  o f  f i v e  d i f f e r e n t  p o l y c y c l i c  hydrocarbons 
was i n i t i a l l y  surveyed. When used i s o t h e r m a l l y  a t  300' C a l l  compounds were 
separated w i t h  good r e s o l u t i o n  and w i t h  a t o t a l  r e t e n t i o n  t i m e  o f  l e s s  
t h a n  20 minutes.  The compounds were e l u t e d  i n  t h e  o r d e r :  1,2 benzanthra- 
cene; 3,4 benzpyrene; 9,10 d i m e t h y l  - 1 $ 2  benzanthracene; 1,2,3 $ 4  d i -  
benzanthracene; and 3,4,9,10 dibenzpyrene. The a n a l y t i c a l  method chosen 
was q u a n t i t a t i v e  f o r  b o t h  BA and BP e x h i b i t i n g  a s e n s i t i v i t y  of 0.5 u g l a  
i n  suspension f o r  e i t h e r  BP o r  BA. D e t e c t o r  response was a l i n e a r  f u n c t i o n  
of c o n c e n t r a t i o n  f o r  b o t h  BP and BA f o r  a l l  c o n c e n t r a t i o n s  used i n  t h e  
research.  
The decomposi t ion p roduc ts  of b o t h  BP and BA o b t a i n e d  f rom u l t r a v i o l e t  
i r r a d i a t i o n  were analyzed by gas chromatography-mass spect roscopy.  Samples 
were prepared f o r  a n a l y s i s  b y  t a k i n g  p r e v i o u s l y  analyzed benzene e x t r a c t s  
and e v a p o r a t i n g  t h e  benzene t o  c o n c e n t r a t e  t h e  d e s i r e d  compounds. The 
concen t ra ted  samples were then ana lyzed on a Var ian  gas chromatograph 
i d e n t i c a l  t o  t h e  one connected t o  t h e  mass spectrometer.  These samples 
were separated on a g l a s s  column packed w i t h  3 p e r c e n t  OV1 on chromsorb W. 
The r e 1  even t  peaks were i d e n t i f i e d  and t h e  mass spect roscopy 1 a b o r a t o r y  
i n  t h e  Chemis t ry  Department determined t h e  mass s p e c t r a  o f  t h e  designed 
peaks, u s i n g  t h e  sarne column i n  t h e  Var ian/Mat  CH7 gas chromatograph- 
mass spect rometer .  
U l t r a v i o l e t  spect rophotometry  was a l s o  used f o r  b o t h  BA and BP 
analyses i n  c e r t a i n  stages o f  t h e  exper imen ta t ion .  The Beckman Acta  I11 
UV-vi s i  b l  e spectrophotorneter manufactrr r e d  by Beckman Ins t ruments ,  Inc., 
F u l l e r t o n ,  C a l i f o r n i a ,  was used t o  ana lyze t h e  u s e f u l  a b s o r p t i o n  peaks 
i n  t h e  near  u l t r a v i o l e t  r e g i o n  between 330 and 390 nm f o r  b o t h  BP and 
BA. 
14 
Al though t h e  technique i s  use fu l  f o r  pure compounds and f o l l o w s  
Beer ' s  law, i t  i s  of l i m i t e d  use fu lness  i n  s o l u t i o n s  o f  hydrocarbons 
c o n t a i n i n g  more than one compound. Th i s  technique was o n l y  used f o r  t r u e  
s o l u t i o n s  o f  BP and BA i n  a  20 percen t  acetone i n  wate r  so lven t .  A l l  
de te rmina t ions  were performed us ing  t h e  o r i g i n a l  s o l u t i o n  i n  10 cen t imete r  
qua r t z  c e l l s  t o  maximize absorp t ion .  Double beam scans were made us ing  
t h e  s o l v e n t  as a  re fe rence .  
As t h i s  technique was used t o  f o l l o w  t h e  course o f  decomposit ion o f  
BA and BP i n  s o l u t i o n  i t  was found t h a t  t h e  b u i l d u p  o f  decomposit ion 
products  caused an inc rease  i n  t h e  e f f e c t i v e  base l i n e  o f  t h e  u l t r a v i o l e t  
abso rp t i on  curve. Because t h i s  inc rease  was n o t  l i n e a r  w i t h  t ime o r  w i t h  
concen t ra t ion ,  t h e  u l t r a v i o l e t  absorbance read ings  obta ined cou ld  n o t  
be cor rec ted .  Therefore,  t h i s  technique was o f  l i m i t e d  use fu lhess  and 
cou ld  n o t  a c c u r a t e l y  be used t o  f o l l o w  t h e  course o f  decomposit ion o f  BP 
o r  BA. 
Sampl e  Prepara t ion  -
PAH a r e  by t h e i r  v e r y  na tu re  o n l y  s l i g h t l y  s o l u b l e  i n  water,  i f  a t  
a l l .  Whi le nulrlerous i n v e s t i g a t o r s  have repo r ted  t h e  presence o f  PAH i n  
water, these were r e p o r t s  o f  presence o n l y  and d i d  n o t  d e f i n e  t h e  s t a t e  
o f  t h e  PAH. 
A f t e r  several  unsuccessful  procedures were at tempted t o  g e t  BA and 
BP i n t o  s o l u t i o n ,  a  procedure was d e r i v e d  which was used throughout  t h e  
remainder o f  t h e  research. I t  was expe r imen ta l l y  determined t h a t  one 
l i t e r  o f  de ion ized  water cou ld  d i s s o l v e  a t  l e a s t  one ml o f  benzene. 
U t i l i z i n g  t h e  h i g h  s o l u b i l i t y  o f  PAH i n  benzene, a  procedure was thereby 
developed t h a t  d i d  n o t  r e q u i r e  t he  removal o f  a  l a r g e  volume o f  o rgan ic  
so lven t .  
S o l u t i o n s  o f  10 mg per  m l  o f  BA and BP i n  spect rophotometr ic  grade 
benzene were prepared, so t h a t  o n l y  0.1 m l  o f  s tock  s o l u t i o n  i n  one l i t e r  
o f  water  would p rov ide  a  one m g / ~  s o l u t i o n  o f  e i t h e r  BP o r  BA. T h i s  
s tock s o l u t i o n  was s l ow l y  added t o  t he  de ion ized  water a t  a  r a t e  o f  0.1 
m l  per  minute,  us ing  a  syr inge,  so t h a t  t h e  s tock  s o l u t i o n  was i n j e c t e d  
d i r e c t l y  beneath t h e  cone o f  a  Branson S75 s o n i f i e r  (Branson Inst ruments 
Incorporated,  Stamford, Connect icut )  ope ra t i ng  a t  4.5 t o  5 DC amps of 
c u r r e n t .  The s o n i f i e r  used u l t r a s o n i c  energy t o  form and thorough'ly 
d i spe rse  d r o p l e t s  o f  s tock s o l u t i o n  throughout  t he  water.  T h e o r e t i c a l l y ,  
t he  benzene would d i sso l ve ,  i nc reas ing  t he  concen t ra t i on  o f  PAH i n  t he  
d r o p l e t  and i nc reas ing  t h e  p a r t i t i o n  c o e f f i c i e n t  between t he  benzene and t h e  
water.  When t h e  p a r t i t i o n  c o e f f i c i e n t  was s u f f i c i e n t l y  high, t h e  PAH 
would t h e r e f o r e  be f o r ced  i n t o  an aqueous s o l u t i o n .  
A l though i t  was found t h a t  t h i s  technique was q u a n t i t a t i v e ,  a  t r u e  
aqueous s o l u t i o n  was n o t  formed. Instead, t h e  s o n i f i c a t i o n  technique 
produced a  un i f o rm  suspension o f  PAH p a r t i c l e s  i n  t he  water.  Furthermore, 
i t  was found t h a t  t h e  PAH was complete ly  i n s o l u b l e  i n  water and thus a  
s o l u t i o n  cou ld  n o t  be prepared us ing  any a v a i l a b l e  technique. 
Examinat ion of t h e  suspensions formed us ing  t he  s o n i f i c a t i o n  technique 
i n d i c a t e d  t h a t  t h e  p a r t i c l e s  produced were q u i t e  uni form, be ing rnade up 
o f  approx imate ly  spher ica l  p a r t i c l e s  o f  v i r t u a l  l y  pure PAH compound. 
I t  was fu r thermore  found t h a t  t h e  s i z e  o f  t h e  p a r t i c l e s  i n  suspension 
was dependent upon t h e  c o n c e n t r a t i o n  o f  t h e  PAH compound i n  t h e  o r i g i n a l  
s t ock  s o l u t i o n .  Therefore, by v a r y i n g  t h e  c o n c e n t r a t i o n  o f  PAH i n  benzene, 
suspensions of v a r i o u s  s i z e  p a r t i c l e s  cou ld  be prepared. 
Stock s o l u t i o n s  were thus prepared i n  concen t ra t i ons  of 10 mg per  m l ,  
5 mg per  ml,  and 2 mg per  m l  BP i n  benzene, and 10  mg per  ml,  and 2 mg per  
ml BA i n  benzene. By v a r y i n g  t h e  q u a n t i t y  o f  s tock  s o l u t i o n  i n j e c t e d ,  
i t  was t hus  p o s s i b l e  t o  produce suspensions c o n t a i n i n g  one mgla o f  PAH 
i n  water  w i t h  v a r y i n g  p a r t i c l e  s i z e s  and numbers o f  p a r t i c l e s .  These 
suspensions c o n t a i n i n g  va r i ous  p a r t i c l e  s i z e s  were then u t i l i z e d  i n  
severa l  f u r t h e r  stages o f  research. 
It probab ly  would have been d e s i r a b l e  t o  use a  w ider  range o f  s t ock  
s o l u t i o n  concen t ra t i ons ,  produc ing a  w ide r  v a r i a t i o n  i n  p a r t i c l e  s i ze .  
The process was 1  i m i  t e d  , however, by t h e  so l  u b i  1  i ty 1  i m i  t o f  PAH i n  
benzene and t h e  s o l u b i l i t y  l i m i t  o f  benzene i n  water.  More concent ra ted 
s o l u t i o n s  produc ing l a r g e r  p a r t i c l e s  cou ld  n o t  be prepared, t he re fo re ,  
because o f  t h e  f i r s t  l i m i t a t i o n ,  and l e s s  concen t ra ted  s o l u t i o n s  i n  
benzene would have r e s u l t e d  i n  f r e e  benzene n o t  d i s s o l v e d  i n  t h e  aqueous 
phase, which would have p a r t i a l l y  d i s so l ved  t h e  PAH p resen t  and dest royed 
t h e  q u a n t i t a t i v e  n a t u r e  o f  t h e  p repa ra t i on  technique. A1 though t h e  range 
o f  p a r t i c l e  s i z e s  was r e l a t i v e l y  smal l ,  t h e  p r e p a r a t i o n  techn ique  
produced a  s u f f i c i e n t l y  un i f o rm  suspension o f  m a t e r i a l  t o  be a b l e  t o  
eva lua te  t h e  e f f e c t s  o f  p a r t i c l e  s i ze .  
U l t r a v i o l e t  I r r a d i a t i o n  
The apparatus used as a  source o f  u l t r a v i o l e t  r a d i a t i o n  cons i s t ed  
p r i m a r i l y  o f  a  u t i l i t y  t ype  o f  f l u o r e s c e n t  f i x t u r e  f i t t e d  w i t h  two 
4 '  General E l e c t r i c  F40BLB b lack  1  i g h t  f l u o r e s c e n t  1  amps, a  r e f 1  ec to r ,  
and a  dimmer c o n t r o l  which a l lowed t h e  i n t e n s i t y  o f  t h e  UV r a d i a t i o n  t o  
be var ied .  These lamps r a d i a t e  v i r t u a l l y  no v i s i b l e  l i g h t ,  hav ing a  l i g h t  
o u t p u t  a lmost  e n t i r e l y  between 320 and 420 nm w i t h  a  peak a t  approx imate ly  
355 nm. 
The r a d i a t i o n  vessels  used e x c l u s i v e l y  were Pyrex one l i t e r  E r l en -  
meyer f l a s k s  f i t t e d  w i t h  s toppers and placed on magnetic s t i r r e r s  w i t h  
T e f l o n  s t i r r i n g  bars. The l i g h t  f i x t u r e  was p laced h o r i z o n t a l l y  a t  an 
ang le  such t h a t  a  1  i n e  passing through t h e  l o n g i t u d i n a l  axes o f  t he  
lamps was para1 l e l  t o  t h e  s ides o f  t h e  f l a s k s .  The lamp was p laced so 
t h a t  t h e  v e r t i c a l  cen te r  o f  t he  f i x t u r e  was a l i g n e d  w i t h  t he  cen te r  of 
t h e  f l a s k s  and t h e  f l u o r e s c e n t  tubes were 2" f rom t h e  neares t  f l a s k  wa l l s .  
A  r e f l e c t o r  covered w i t h  aluminum f o i l  was p laced on t he  o t h e r  s i de  o f  
t he  r e a c t i o n  f l a s k s  such t h a t  i t  was p a r a l l e l  w i t h  t he  f l a s k  w a l l s  i t  
immediate ly  faced. A l l  f l a s k s  were s t i r r e d  by t h e  magnet ic s t i r r e r s  
throughout  t he  e n t i r e  i r r a d i a t i o n  per iod.  A  105 CFM f a n  mainta ined a  
steady f l o w  o f  a i r  pas t  t he  r e a c t i o n  vessels  t o  m a i n t a i n  un i f o rm  temperatures. 
The e n t i r e  apparatus was placed i n  a  dark-room so t h a t  t h e  UV lamps were 
t h e  o n l y  source o f  i l l u m i n a t i o n .  The lamp dimmer was c a l i b r a t e d  l i n e a r l y  
t o  produce u n i f o r m l y  rep roduc ib l e  l i g h t  i n t e n s i t i e s  and was found t o  v a r y  
2  t he  o u t p u t  o f  t h e  UV lamps f rom 0.13 t o  1.375 m i l l  i w a t t s  per cm . As 
n a t u r a l  s u n l i g h t  on t h e  sur face  o f  t he  e a r t h  i n  t h e  r e l e v a n t  wave l eng ths  
2 between 320 and 400 nm v a r i e s  f rom 0.145 t o  4.7 mw per  cm w i t h  momentary 
2  l e v e l s  o f  8 mw per  cm o r  h igher ,  t he  o u t p u t  o f  t he  lamps i n  t he  l a b o r a t o r y  
i s  s l i g h t l y  l owe r  than t h e  l e v e l s  expected f rom n a t u r a l  s o l a r  r a d i a t i o n .  
The exper imenta l  procedure fo l lowed th roughou t  t h e  course o f  t h i s  phase 
o f  t h e  r esea rch  proved t o  g i v e  r e p r o d u c i b l e  and c o n s i s t e n t  r e s u l t s .  
The samples t o  be i r r a d i a t e d  were prepared immediate ly  be fo re  i r r a d i a t i o n  
and a l l  s t ock  s o l u t i o n s  used i n  p repa r i ng  samples were kep t  covered and 
i n  t h e  dark  t o  p reven t  any changes due t o  l a b o r a t o r y  i l l u m i n a t i o n .  The 
lamps were a l lowed t o  warm up f o r  a t  l e a s t  f i f t e e n  minutes a t  f u l l  
i n t e n s i t y ,  then a1 lowed t o  s t a b i l i z e  a t  exper imenta l  i n t e n s i t y  f o r  another  
f i f t e e n  minutes.  The samples were stoppered and s t i r r e d  th roughou t  t h e  
i l l u m i n a t i o n  pe r i od  t o  p reven t  evapora t ion  and m a i n t a i n  thorough mix ing .  
A f t e r  t h e  i r r a d i a t i o n  per iod ,  t h e  samples were e i t h e r  e x t r a c t e d  
immediate ly  o r  covered and s to red  i n  t h e  da rk  t o  be e x t r a c t e d  w i t h i n  24 
hours. The samples were e x t r a c t e d  w i t h  20 m l  o f  benzene by  r a p i d l y  
s t i r r i n g  t h e  samples o f  one hour. The benzene was then removed, u s i n g  
a  separa to ry  funne l  and p laced i n  a  g l a s s  screw t o p  v i a l  w i t h  an 
aluminum f o i l  l i n e d  cap. The benzene e x t r a c t s  were then  analyzed immedi- 
a t e l y  by gas chromatography o r  s to red  i n  t h e  da rk  u n t i l  t h e  analyses 
cou ld  be performed. 
RESULTS AND DISCUSSION 
P r e l i m i n a r y  S tud ies  
Dur ing t h e  i n i t i a l  phases o f  t h i s  p a r t  o f  the  research,  i t  was 
assumed t h a t  BP and BA cou ld  be f o r ced  i n t o  t r u e  s o l u t i o n  u s i n g  one of t h e  
sample p r e p a r a t i o n  techniques d iscussed i n  t he  M a t e r i a l s  and Methods 
sec t ion .  The p r e l i m i n a r y  stages o f  research  were t he re fo re  designed t o  
determine adso rp t i on  c h a r a c t e r i s t i c s  f rom s o l u t i o n .  
A f t e r  p r e l i m i n a r y  i n v e s t i g a t i o n s ,  a  s tandard procedure was f o l l owed  
which cons is ted  o f  p repar ing  0.5 mgla concen t ra t i ons  o f  BP us ing  t he  
son i f  i c a t i o n  technique. These samples were then a g i t a t e d  on a  mechanical 
shaker f o r  24 hours w i t h  va r i ous  concent ra t ions  o f  suspensions o f  
k a o l i n i t e .  The samples were then a l lowed t o  s e t t l e  f o r  24 hours and 500 
m l  of c l e a r  supernatant  was drawn o f f  f o r  a n a l y s i s  o f  remain ing BA. 
For each s e t  o f  exper iments a  b lank  was a l s o  run, dupl  i c a t i n g  a l l  
parameters except f o r  t he  a d d i t i o n  o f  k a o l i n i t e .  I t  was found t h a t  an 
adso rp t i on  i so therm cou ld  n o t  be obta ined because a l l  BA present  i n  each 
sample was complete ly  removed from t h e  s o l u t i o n .  Furthermore, no 
de tec tab le  concen t ra t ions  cou ld  be desorbed f rom k a o l i n i t e  by repeated 
washings w i t h  de ion ized  water.  An a n a l y s i s  o f  t h e  b lank  samples 
i n d i c a t e d  t h a t  70 percen t  t o  80 percen t  o f  t h e  o r i g i n a l  BA was be ing 
removed f rom s o l u t i o n ,  even when no k a o l i n i t e  was present .  Washing t he  
w a l l s  o f  t h e  b lank  sample j a r  w i t h  benzene i n d i c a t e d  t h a t  t he  BA was be ing 
adsorbed on t h e  w a l l s  o f  t he  j a r .  
A t  t h i s  p o i n t  t he  o r i g i n a l  hypothes is  t h a t  BA was i n  s o l u t i o n  was 
questioned. It was then determined expe r imen ta l l y  t h a t  BA and BP d i d  
n o t  d i s s o l v e  i n  water b u t  were a c t u a l l y  p resen t  as p a r t i c u l a t e  suspensions. 
T h i s  observa t ion  expla ined t h e  i n a b i l  i ty t o  o b t a i n  adsorp t ion  isotherms 
which depend on e q u i l i b r i u m  cond i t i ons  i n  a  t r u e  s o l u t i o n .  
The behavior  o f  PAH i n  water  i s  thus determined by t h e i r  p a r t i c u l a t e  
charac te r ,  and any research assuming them t o  be i n  t r u e  s o l u t i o n  w i l l  
t h e r e f o r e  g i v e  erroneous r e s u l t s .  
PAH i n  20 Percent  Acetoncs Water S o l u t i o n  
Because PAH w i l l  n o t  e n t e r  i n t o  a  p u r e l y  aqueous s o l u t i o n  and 
knowledge o f  adso rp t i on  of BP and BA on to  k a o l i n  was des i red ,  adso rp t i on  
f rom a s o l v e n t  c o n s i s t i n g  of 20 percen t  acetone i n  water  was examined. 
T h i s  i s  t he  same system used by Suess (1967) t o  adsorb BP on to  c a l c i t e .  
Suess's work determined t h a t  BP cou ld  be adsorbed f rom t h i s  s o l v e n t  on to  
c a l c i t e .  H i s  da ta  were v e r i f i e d  and then t h e  exper iments were r e -  
performed s u b s t i t u t i n g  k a o l i n i t e  f o r  c a l c i t e .  
The r e s u l  t s  f o r  kao l  i n i  t e ,  however, i n d i c a t e d  t h a t  no adso rp t i on  
i so therm was ob ta ined .  BP d i d  n o t  adsorb f rom s o l u t i o n  a t  a l l .  The o n l y  
adso rp t i on  o f  BP was observed when t h e  s o l u b i l i t y  l i m i t  o f  BP was exceeded 
and p a r t i c u l a t e  BP was p resen t  i n  t h e  system. These exper iments  were 
repeated, us i ng  BA i ns tead  o f  BP w i t h  i d e n t i c a l  r e s u l t s .  
It was then observed t h a t  t h e  PAH compounds would adsorb on kaol  i n i t e  
o n l y  when p resen t  i n  a  p a r t i c u l a t e  suspension and would n o t  adsorb a t  a l l  
f rom a t r u e  s o l u t i o n .  
The photodecomposi t ion o f  t h e  PAH under UV r a d i a t i o n  i n  a  t r u e  s o l u t i o n  
was then examined. A 1 mgla s o l u t i o n  o f  BP i n  20 pe rcen t  acetone-water 
was i r r a d i a t e d  w i t h  u l t r a v i o l e t  1  i g h t  o f  1.37 mw/cm2 i n t e n s i t y  and t he  
rema in ing  concen t ra t i on  o f  BP was determined as a  f u n c t i o n  o f  t ime. The 
decomposi t ion o f  BP i s  shown i n  F i gu re  I which i n d i c a t e s  t h a t  BP decomposed 
a t  a  r a t e  constant ,  k, o f  0.42 per  hour and 0.57 per  hour i n  two separate  
runs.  Fur. ther exper iments a t  lower  u l t r a v i o l e t  i n t e n s i t i e s  a r e  shown i n  
F i gu re  I 1  which i n d i c a t e  t h a t  BP w i l l  decompose a t  l ower  u l t r a v i o l e t  
i n t e n s i t i e s  s t i l l  f o l l o w i n g  f i r s t  o rde r  r e a c t i o n  k i n e t i c s  w i t h  a  r a t e  


cons tan t  t h a t  decreases as a f u n c t i o n  o f  u l t r a v i o l e t  i n t e n s i t y .  
I t  was expected t h a t  t he  photodecomposit ion would f o l l o w  f i r s t  o rde r  
k i n e t i c s ,  as was observed, s ince  photodecomposi t i o n  r e a c t i o n s  a r e  t y p i -  
c a l  l y  f i r s t  o rde r  i n  na tu re  ( C a l v e r t  and P i t t s ,  1966), and Suess (1967) 
observed f i r s t  o rde r  k i n e t i c s  f o r  t he  decomposit ion o f  BP adsorbed on 
c a l c i t e .  A p l o t  o f  t h e  BP decomposit ion r a t e  cons tan t  as a f u n c t i o n  o f  
u l t r a v i o l e t  i n t e n s i t y  i s  shown i n  F igure  I 1 1  and i t  i n d i c a t e s  t h a t  t he re  
i s  a l i n e a r  dependency between t h e  two parameters. Th is  i m p l i e s  t h a t  
t h e  photodecomposit ion o f  UP i n  t r u e  s o l u t i o n  i s  a s t r a i gh t f o rwa rd ,  f i r s t  
o rde r  r e a c t i o n  l i n e a r l y  dependent on t he  i n t e n s i t y  o f  u l t r a v i o l e t  
r a d i a t i o n .  
Dur ing t h e  decomposit ion experiments, t he  course o f  decomposit ion 
was examined us ing  bo th  u l t r a v i o l e t  spectrophotometry and gas chromatography. 
Samples were taken a t  r e g u l a r  i n t e r v a l s  and examined by u l t r a v i o l e t  spect ro-  
photometry us ing  scans throughout  t he  u l t r a v i o l e t  reg ion .  Samples were 
a l s o  removed a t  r e g u l a r  i n t e r v a l s  and ex t rac ted  f o r  l a t e r  gas chromat- 
ographic  ana l ys i s .  It was found t h a t  t he  base l i ne  observed f o r  t he  scan 
o f  t h e  u l t r a v i o l e t  spectrophotometer g r a d u a l l y  increased d u r i n g  t he  course 
o f  t h e  decomposit ion reac t i on .  Th i s  inc rease  i n  the  base l i ne  r e s u l t e d  i n  
f a l s e  h i g h  readings o f  t he  apparent concen t ra t i on  o f  BP remain ing i n  
s o l u t i o n  as t h e  decomposit ion progressed. Th i  s i n t r o d u c t i o n  o f  e r r o r  was 
n o t  l i n e a r  w i t h  t h e  concent ra t ion  o f  BP o r  t ime and was a t t r i b u t e d  t o  t h e  
inc rease  i n  t h e  concen t ra t i on  o f  decomposit ion products  as t he  r e a c t i o n  
progressed. 
Gas chromatography cou ld  be used r e l i a b l y  t o  determine remaining BP 

concent ra t ions ,  The gas chromatographic a n a l y s i s  o f  these samples v e r i f i e d  
t h a t  fa1 se read ings  were obta ined by u l  t r a v i o l e t  spec1:rophotometry. Th i s  
observa t ion  throws some doubt  on t he  r a t e  o f  da ta  ob ta ined  by Suess (1967) 
as a l l  of h i s  de te rmina t ions  were made us ing  u l t r a v i o l e t  spectrophotometry 
on ly .  
One mgla so lu t ions  o f  BA i n  20 percen t  acetone i n  water were a1 so 
i r r a d i a t e d  us ing  t h e  sarne experirnerltal procedure u t i l i z e d  f o r  BP. I t  was 
expected, however, t h a t  no decomposit ion o f  BA would be exper ienced as 
t h i s  has been the  observa t ion  o f  p rev ious  i n v e s t i g a t o r s .  
The r e s u l t s  o f  these experirnents a r e  shown i n  F igu re  I V  and i n d i c a t e  
t h a t  c o n t r a r y  t o  p rev ious  observa t ions  BA does d e f  i r l i  t e l y  decompose under 
u l t r a v i o l e t  i r r a d i a t i o n .  Decomposit ion was observed f o r  a l l  samples 
except t he  two i r r a d i a t e d  a t  t he  l owes t  i n t e n s i t i e s ,  Th is  decomposit ion 
f o l l ows  t h e  f i r s t  o rde r  k i n e t i c s  observed f o r  BP and expected f o r  t h i s  
t ype  o f  r eac t i on ,  and t h e  decomposit ion r a t e  cons tan t  v a r i e s  l i n e a r l y  
w i t h  t he  u l t r a v i o l e t  i n t e n s i t y  as shown i n  F igu re  V. 
The s lope o f  F igure  V a1 so i n t e r c e p t s  t h e  zero decomposit ion r a t e  
2 
a x i s  a t  a p o s i t i v e  i n t e r c e p t  o f  approx imate ly  0.25 mw/cm , i n d i c a t i n g  t h a t  
a c e r t a i n  t h resho ld  l e v e l  o f  r a d i a t i o n  i s  necessary t o  decompose BA. 
T h i s  was a1 so v e r i f i e d  by t h e  experiments e x h i b i t e d  i n  F igure  I V  where 
2 t he  two l owes t  i n t e n s i t i e s  o f  0.25 and 0.13 mwlcm e x h i b i t e d  no decompo- 
s i t i o n .  T h i s  would f u r t h e r  e x p l a i n  why o the rs  have n o t  observed decomposit ion 
o f  BA because p rev ious  i n v e s t i g a t o r s ,  such as Kuratsune and H i roha ta  (1962) 
and Masuda and Kuratsurle ( 1  966) have used o n l y  common f l  uorescent  t ype  
l i g h t  which has an u l t r a v i o l e t  o u t p u t  below the  i n t e n s i t y  necessary t o  
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begin t he  decomposi t ion of BA. These r e s u l t s  a r e  r r~ost  s i g n i f i c a n t  i n  t h a t  
t h e y  i n d i c a t e  t h a t  BA, p r e v i o u s l y  supposed t o  be s tab le ,  w i l l  decompose 
under UV r a d i a t i o n .  Furthermore, t h e  da ta  i n d i c a t e  an area o f  necessary 
f u r t h e r  research  i n  t h a t  t h e  t h resho ld  l e v e l  observed f o r  t he  decomposi t ion 
o f  BA i s  n o t  exp la ined  by  t h e  t heo ry  o f  photochemical decomposi t ion 
r e a c t i o n s .  
Photodecomposi t i o n  of P a r t i c u l a t e  PAH 
A suspension o f  p a r t i c u l a t e  BP was prepared u s i n g  t he  s o n i f i c a t i o n  
technique descr ibed  i n  t h e  M a t e r i a l s  and Methods s e c t i o n  which produced 
p a r t i c l e s  o f  1.5 pm i n  diameter.  These suspensions were then i r r a d i a t e d  
f o r  f o u r  days w i t h  u l t r a v i o l e t  l i g h t  o f  v a r y i n g  i n t e n s i t i e s  and t h e  
decomposi t ion as a  f u n c t i o n  o f  t ime  was determined. The r e s u l t s  o f  these 
exper iments  a r e  shown i n  F i gu re  V I .  
As i n d i c a t e d  by t he  data,  t h e  1.5 pm d iameter  p a r t i c u l a t e  BP decomposes 
r a p i d l y  t o  a  nominal concen t ra t i on  o f  0.3 t o  0.45 m g / ~ .  These f i g u r e s  a r e  
n o t  t r u e  concen t ra t i ons  i n  so l  u t i o n ,  however, b u t  t hey  me re l y  r ep resen t  
a  nominal concen t ra t i on  which i n d i c a t e s  t h a t  55 pe rcen t  t o  65 percen t  o f  
t h e  o r i g i n a l  BP i n  suspension has decomposed. Th i s  r e s i d u a l  BP then does 
n o t  f u r t h e r  decompose b u t  remains una f f ec ted  rega rd l ess  o f  t h e  l e n g t h  o f  
i r r a d i a t i o n .  Furthermore, t h e  energy o f  t h e  r a d i a t i o n  appa ren t l y  has no 
e f f e c t  on t h e  decomposi t ion process o r  on t h e  r e s i d u a l  concen t ra t i on .  
Apparent ly ,  as l o n g  as t h e r e  i s  s u f f i c i e n t  u l t r a v i o l e t  energy t o  decompose 
t h e  BP, i t  i s  r a p i d l y  decomposed t o  t h e  r e s i d u a l  o r  s t a b l e  concen t ra t i on  
l e v e l  and remains a t  t h a t  l e v e l ,  r ega rd l ess  o f  a d d i t i o n a l  energy i npu t .  

Suspensions o f  BA c o n t a i n i n g  1.25 ~m d i a m e t e r  p a r t i c l e s  were a l s o  
prepared and i r r a d i a t e d  i n  a  manner s i m i l a r  t o  t h a t  used f o r  BP. The 
r e s u l t s  o f  these  e x p e r i ~ n e n t s  a r e  shown i n  F i g u r e  V I I .  
Whereas BP decorr~posed r a p i d l y  t o  a  s t a b l e  l e v e l ,  BA c o n t i n u e s  t o  
decompose w i t h  t ime.  These c u r v e s  do, i n  f a c t ,  r e p r e s e n t  a  f i r s t  o r d e r  
decompos i t i on  mechanisrn as was exper ienced i n  t r u e  s o l u t i o n .  The p l o t s  
o f  BA decompos i t i on  a s  a  f i r s t  o r d e r  r e a c t i o n  a r e  shown i n  F i g u r e  V I I I .  
Wh i le  t h e  mechanism i s  t h e  same as  t h a t  observed i n  t r u e  s o l u t i o n ,  t h e  
r e a c t i o n  r a t e s  observed a r e  s i g n i f i c a n t l y  s lower  t h a n  t h o s e  observed i n  
t r u e  s o l u t i o n .  The decompos i t ion  r a t e  c o n s t a n t  observed i s  s t i l l  a  l i n e a r  
f u n c t i o n  o f  u l t r a v i o l e t  i n t e n s i t y  a s  was observed i n  t r u e  s o l u t i o n .  T h i s  
r e l a t i o n s h i p  i s  shown i n  F i g u r e  I X .  
It i s  s i g n i f i c a n t  t o  n o t e  t h a t  t h i s  p l o t  does n o t  i n t e r c e p t  t h e  z e r o  
r e a c t i o n  r a t e  a t  t h e  t h r e s h o l d  l e v e l  observed f o r  BA i n  t r u e  s o l u t i o n .  
BA does n o t  decompose be low a  t h r e s h o l d  l e v e l  o f  a p p r o x i m a t e l y  0.3 mw/cm 2 
i n  t r u e  s o l u t i o n ;  however, i t  remains t o  be observed e x p e r i m e n t a l l y  
whether t h i s  i s  a  v a l i d  c o n c l u s i o n  f o r  p a r t i c u l a t e  BA as  w e l l .  
To de te rm ine  t h e  e f f e c t  o f  p a r t i c l e  s i z e  on t h e  decompos i t ion  o f  
p a r t i c u l a t e  PAH, p a r t i c l e s  o f  v a r y i n g  s i z e  were u t i l i z e d .  The v a r i o u s  
2 
samples were i r r a d i a t e d  a t  an u l t r a v i o l e t  i n t e n s i t y  o f  0.96 mw/cm . The 
BP samples were i r r a d i a t e d  u n t i l  a  s teady  s t a t e  o r  s t a s i s  was reached; 
t h e  BA samples were i r r a d i a t e d  f o r  24 hours.  The r e s u l t s  o f  t h e  exper imen ts  
performed a r e  shown i n  F i g u r e  X, X I ,  and X I I .  
A1 1  suspensions o r i g i n a l  l y  c o n t a i n e d  r ~ o m i r ~ a l  c o n c e n t r a t i o n s  of 1  mg 
o f  BP o r  BA p e r  l i t e r .  I n  a l l  cases, an i n c r e a s e  i n  p e r c e n t  decompos i t ion  
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Figure  IX. Decomposition Rate Cons tan t so f  P a r t i c u l a t e  Suspension of BA a s  a  
Funct ion o f  U l t r a v i o l e t  I n t e n s i t y  , 
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occur red  w i t h  a  decrease i n  p a r t i c l e  s i ze ,  imp l y i ng  t h a t  u l t r a v i o l e t  
r a d i a t i o n  i s  decomposing t h e  su r f ace  o f  b o t h  BA and BP. 
For BP decomposi t ion,  t he  da ta  i n  F i gu re  V I  i m p l y  t h a t  t h e  su r f ace  i s  
decomposed t o  a  c e r t a i n  dep th  and then  t h e  process ceases. A t  t h i s  
p a r t i c u l a r  dep th  o r  s t a s i s ,  t h e  decorr~posed o u t e r  l a y e r s  f u n c t i o n  as a  
s h i e l d ,  p r o t e c t i n g  t h e  i n n e r  BP f rom decomposi t ion.  The r e s u l t s  o f  
i r r a d i a t i o n  o f  BP p a r t i c l e s  o f  v a r i o u s  s i z e s  a r e  shown i n  F i gu re  XIII. 
For each p a r t i c l e  s i ze ,  t h e  s t a s i s  l e v e l  e v e n t u a l l y  a t t a i n e d  corresponds 
t o  a  decomposi t ion o f  a  l a y e r  approx imate ly  0.2 microns i n  depth.  Th i s  
imp1 i e s  t h a t  f o r  a1 1  BP p a r t i c l e s  l a r g e r  than approx imate ly  0.4 um i n  
d iameter ,  a  r e s i d u a l  co re  o f  BP w i l l  remain i n  n a t u r a l  systerr~s. Th i s  may 
e x p l a i n  why BP i s  found i n  s i g n i f i c a n t  concen t ra t i ons  i n  n a t u r a l  sarnples 
and n a t u r a l  wa te rs  where i t  would o r d i n a r i l y  be exposed t o  u l t r a v i o l e t  
1  i g h t .  
The decomposi t ion o f  BA, on t h e  o t h e r  hand, proceeds f o l l o w i n g  a  
f i r s t  o rde r  r e a c t i o n  u n t i l  t h e  BA i s  comp le te ly  decomposed. Exper iments 
were r u n  w i t h  two d i f f e r e n t  p a r t i c l e  s i z e s  and decornposi t ion was 
measured as a  f u n c t i o n  o f  tirne. The r e s u l t s  o f  these exper iments a r e  
shown i n  F i gu re  XIV. As can be seen frorn t h i s  p l o t ,  t h e  sma l l e r  BA 
p a r t i c l e s  decompose a t  a  more r a p i d  r a t e  than t he  l a r g e r  BA p a r t i c l e s .  
An o p t i c a l  examinat ion o f  t h e  p a r t i c l e s  o f  b o t h  BA and BP i n d i c a t e d  
t h a t  t he  s m a l l e r  p a r t i c l e s  clumped cons iderab ly ,  w i t h  severa l  p a r t i c l e s  
t o  a  l a r g e  number o f  p a r t i c l e s  fo rm ing  one clunip. Th i s  was i n i t i a l l y  
assumed t o  be a  c h a r a c t e r i s t i c  o f  t h e  small sample s i z e  on t h e  o r i g i n a l  
microscope s l i d e .  However, i f  t h i s  c lumping a l s o  occurs  i n  t h e  macro 
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It i s  assumed t h a t  these p r imary  re tac t i on  products  decornposed t o  
d i s t i n c t  secondary and t e r t i a r y  decomposit ion products,  b u t  t h i s  hypo thes is  
cou ld  n o t  be v e r i f i e d  as these f u r t h e r  decomposit ion products  were never 
p resen t  i n  s u f f i c i e n t  q u a n t i t y  t o  de tec t .  T h e i r  presence i f  assumed, 
however, as these decomposit ion products  a r e  hypothesized t o  forrn t he  
u l t r a v i o l e t  s h i e l d  r e s u l t i n g  i n  t h e  decomposit ion behavior  observed f o r  
BP p a r t i c l e s .  
The p r imary  decomposit ion products  o f  BP observed were i d e n t i f i e d  by 
gas chromatography-mass spectroscopy. The products  were bo th  i d e n t i f i e d  
as benzpyrene quinones. Al though i t  was n o t  poss ib l e  t o  d i f f e r e n t i a t e  
among va r i ous  isomers f rom t h e  mass spec t ra l  data,  t he  compounds were 
p robab ly  benzpyrene 6,12 quinone and benzpyrene 1,6 quinone, which a r e  
t h e  same pr imary  decomposit ion products  observed f o r  BP degrada t ion  by 
u l  t r a v i o l  e t  1 i g h t  by Masuda and Kuratsune (1  966). 
BP 1,6 Quinone 
The decomposit ion o f  BA, however, shows a d i f f e r e n t  pa t t e rn .  Whi le 
two decompos i t ion  p r o d u c t s  a r e  observed f o r  BAY t h e  main  decompos i t ion  
p r o d u c t  o f  BA accurr~ul a t e s  t o  an a p p r e c i a b l e  degree, r e a c h i n g  c o n c e n t r a t i o n s  
as h i g h  as  an apparen t  0.3 mg/a . The p r i m a r y  decompos i t ion  p r o d u c t  
accumulates as  BA decomposes, and t h e n  a f t e r  a  l e n g t h  o f  t i m e  beg ins  t o  
show decompos i t i on  i t s e l f .  T y p i c a l  b e h a v i o r  o f  BA and i t s  a s s o c i a t e d  
p r i m a r y  decompos i t i on  p r o d u c t  a r e  shown i n  F i g u r e  XV. 
The secondary BA decomposi ti on p r o d u c t  observed behaves s i m i l  a r l  y t o  
t h e  BP p r o d u c t s  i n  t h a t  i t  i s  never  p r e s e n t  i n  l a r g e  c o n c e n t r a t i o n s ,  if 
i t  i s  observed a t  a1 1, and t h e  c o n c e n t r a t i o n s  observed appear t o  be 
r e l a t i v e l y  independent  o f  e i t h e r  t h e  BA c o n c e n t r a t i o n  o r  t h e  p r i r r ~ a r y  
decompos i t ion  p r o d u c t  c o n c e n t r a t i o n .  
I d e n t i f i c a t i o n  b y  gas chromatography-mass spec t roscopy  i n d i c a t e s  
t h a t  t h e  p r i m a r y  decompos i t ion  peak i s  d e f i n i t e l y  a  benzanthracene qu inone 
and i s p r o b a b l y  benzanthracene 7  ,I 2 qu inone. The sma l l  e r  secondary 
0 
BA 7,12 Ouinone 
decompos i t ion  peak i s  a  complex o r g a n i c  a c i d  w i t h  t h e  p o s s i b l e  f o r m u l a  
'18 H1O '3' a l t h o u g h  p o s i t i v e  i d e n t i f i c a t i o n  o f  t h e  compound was n o t  
p o s s i b l e .  The d a t a  d e f i n i t e l y  i n d i c a t e  t h a t  photochemical  decompos i t ion  
o f  BA and BP does occur ,  y i e l d i n g  i d e n t i f i a b l e  decompos i t ion  p roduc ts .  These 
33npOJd uok7ksoduo3aa ~J€?Ul~Jd 
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produc ts  i n  t u r n  f u r t h e r  decompose t o  secondary and t e r t i a r y  products .  
Aqueous Chemist ry  o f  PAH 
A1 though t h e  b u l k  o f  t he  research  performed was done i n  de ion i zed  
water ,  few n a t u r a l  systems w i l l  be t h i s  pure. A s e r i e s  o f  exper iments 
were t h e r e f o r e  performed i n  t a p  water  and t a p  wate r  p l u s  1,000 mg/t  o f  
potassium c h l o r i d e  (KC1) t o  determine the  e f f e c t s  o f  i o n i c  s t r e n g t h  on 
PAH decomposi t ion.  The da ta  ob ta ined  i n d i c a t e  no app rec i ab le  enhancement 
of decomposi t ion due t o  an inc rease  i n  t h e  i o n i c  s t r eng th .  A  s l i g h t  
enhancement o f  decornposit ion occur red  i n  t a p  wa te r  a l though  t h e  e f f e c t  
was n o t  appa ren t l y  r e l a t e d  t o  d i sso l ved  s o l  i d s  concen t ra t i on  and t h e  
e f f e c t  was n o t  apprec iab le .  
The e f f e c t  of v a r i a t i o n s  i n  pH were a l s o  eva lua ted  by  exper iments 
conducted i n  waters  b u f f e r e d  t o  pH l e v e l s  o f  4, 7 and 10, u s i n g  s tandard 
b u f f e r e d  s o l u t i o n s  d i l u t e d  t o  concen t ra t i ons  o f  l e s s  than 1,000 mg/a 
t o t a l  d i s s o l v e d  s o l i d s .  The da ta  aga in  i n d i c a t e d  t h a t  v a r i a t i o n s  i n  pH 
had no s i g n i f i c a n t  e f f e c t  on t he  decomposi t ion o f  PAH i n  suspension. 
Sur face Area S tud ies  
The adso rp t i on  exper iments d iscussed e a r l  i e r  had demonstrated t h a t  
t h e  p a r t i c u l a t e  PAH adsorbed t o  t he  i n s i d e  o f  t he  r e a c t i o n  f l a s k .  A  
s e r i e s  o f  exper iments  were t h e r e f o r e  performed t o  determine t he  e f f e c t s  
o f  t h i s  adso rp t i on  on photochemical decomposi t ion,  i f  any. 
The i n s i d e  area o f  t h e  one l i t e r  Erlenmeyer f l a s k s  used as r e a c t i o n  
vesse ls  was measured and de f i ned  as one e q u i v a l e n t  area.  The q u a n t i t y  o f  
l a r g e ,  6 mm diameter,  and smal l ,  1  mm d iameter ,  g l a s s  beads needed t o  add 
one e q u i v a l e n t  area o f  su r face  t o  t h e  r e a c t i o n  vessel  was ca l cu la ted .  
The decomposit ion of va r i ous  p a r t i c l e  s i zes  o f  BP and BA was determined 
w i t h  one and w i t h  two equ i va len t  areas o f  g l a s s  beads added t o  t h e  
r e a c t i o n  vessel  . Thus, t h e  decomposit ion was determined f o r  sampl es 
exposed t o  one, two and t h r e e  e q u i v a l e n t  areas o f  g l a s s  sur face.  
The da ta  ob ta ined  f o r  BP i n  two s e r i e s  o f  exper iments and BA a r e  
shown i n  F igures  X V I ,  X V I I ,  and X V I I I ,  r e s p e c t i v e l y .  I n  each case an 
inc rease  i n  t h e  t o t a l  a v a i l a b l e  sur face  area o f  g l ass  r e s u l t e d  i n  an 
inc rease  i n  decomposit ion. I t  i s  assumed t h a t  an inc rease  i n  t he  t o t a l  
a v a i l a b l e  su r f ace  area r e s u l t e d  i n  an inc rease  i n  adso rp t i on  on t he  
surface, b u t  i t  cannot be s ta ted  t h a t  t he  inc rease  i n  adso rp t i on  was 
a c t u a l l y  r espons ib l e  f o r  t h e  increase i n  decomposit ion. I f  an inc rease  
i n  adso rp t i on  on a  sur face  does i n  f a c t  enhance t h e  decomposit ion of t he  
PAH, t h a t  would d e f i n i t e l y  i n f l u e n c e  t h e  behavior  o f  t h e  PAH i n  n a t u r a l  
stream systems. 
To f u r t h e r  examine t h i s  quest ion, and t o  eva lua te  t he  e f f e c t s  o f  
adso rp t i on  on t y p i c a l  bottom ma te r i a l s ,  t h e  decomposit ion o f  BP and BA 
when adsorbed and con ta ined  i n  suspensions o f  k a o l i n i t e ,  was examined. 
Samples o f  B P  and BA were prepared and p laced i n  suspensions of 100, 
250, 500 and 1,000 mg/a o f  k a o l i n i t e  i n  one l i t e r  o f  water.  These samples 
were then s t i r r e d  and i r r a d i a t e d  f o r  24 hours. A t  t he  end o f  t h e  i r r a d i a t i o n  
per iod,  t h e  suspension and r e a c t i o n  vessel  were ex t rac ted  w i t h  benzene. 
The c l a y  was then f i l t e r e d  and d r i e d  and ex t rac ted  w i t h  another  p o r t i o n  of 
benzene. The remain ing PAH concent ra t ions  were then c a l c u l a t e d  by adding 
t h e  r e s u l t s  o f  t he  two de te rmina t ions  ob ta ined  f o r  each sample. Blank 
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Figure  X V I I I .  E f f e c t  o f  A v a i l a b l e  Sur face Area on t he  Decomposit ion 
o f  P a r t i c u l a t e  BA, 1.37 mw/cm2 U l t r a v i o l e t  I n t e n s i t y  
samples i n d i c a t e d  t h a t  100 percen t  o f  t h e  o r i g i n a l  PAH cou ld  be removed 
i n  t h i s  manner. A l though n e g l i g i b l e  q u a n t i t i e s  o f  PAH were recovered f rom 
t h e  Kaol i n i  t e  i n  t h e  100 mg/% concen t ra t ion ,  t h e  1,000 mg/% concen t ra t i on  
con ta ined  s i g n i f i c a n t  q u a n t i t i e s  even a f t e r  t h e  i n i t i a l  e x t r a c t i o n  o f  t h e  
suspension. 
The r e s u l t s  o f  these exper iments a r e  shown i n  F i gu re  X I X .  The da ta  
i n d i c a t e  t h a t  t h e  PAH were decomposed t o  approx imate ly  t h e  same degree i n  
each sample, even though t h e  more concen t ra ted  k a o l i n  suspensions r e s u l t e d  
i n  a  h i g h  t u r b i d i t y  which g r e a t l y  decreased t he  e f f e c t i v e  l i g h t  concen t ra t i on  
reach ing  t h e  BP o r  BA p a r t i c l e s .  The changes i n  t o t a l  su r f ace  area i n  
t h e  va r i ous  suspensions were n o t  determined, because i n  each case t h e  
t o t a l  a v a i l a b l e  area was much l a r g e r  than t h a t  used i n  t h e  su r f ace  area 
s tud ies ,  and complete adso rp t i on  was assumed. 
Several  c o n f l i c t i n g  and compensating f a c t o r s  a f f e c t  t h i s  system. The 
t u r b i d i t y  o f  t h e  suspension s i g n i f i c a n t l y  decreases t h e  p e n e t r a t i o n  o f  UV 
l i g h t  i n t o  t he  system and serves t o  decrease bo th  t h e  i n t e n s i t y  and 
d u r a t i o n  o f  r a d i a t i o n  exper ienced by  any g i ven  p a r t i c l e .  On t h e  o t h e r  
hand, i t  has been observed t h a t  an i nc rease  i n  a v a i l a b l e  su r f ace  area i n  
t h e  system appa ren t l y  enhances decomposi t ion,  an e f f e c t  t h a t  may p a r t i a l l y  
compensate f o r  any r e d u c t i o n  i n  r a d i a t i o n  i n t e n s i t y .  
The r e s u l t s  ob ta ined  a1 so i n d i c a t e  t h a t  t he  BP p a r t i c l e s  a r e  r e l a t i v e l y  
i n s e n s i t i v e  t o  t h e  t o t a l  q u a n t i t y  o f  r a d i a t i o n  as l o n g  as a  c e r t a i n  th resh-  
o l d  o f  r a d i a t i o n  i s  a v a i l a b l e  f o r  decomposi t ion.  I t was c a l c u l a t e d  t h a t  
95 percen t  o f  t he  l i g h t  i n t e n s i t y  a v a i l a b l e  i n  a  pure wa te r  suspension was 
a v a i l a b l e  t o  those p a r t i c l e s  i n  a  kaol  i n  suspension o f  100 mg/%. On t he  
Nomina l Concentration Remaining , mg/l 
o t h e r  hand, o n l y  1  percen t  of t h e  t o t a l  average energy was a v a i l a b l e  t o  
t h e  p a r t i c l e s  i n  t h e  suspension c o n t a i n i n g  1,000 mgla. T h i s  i s  compared 
w i t h  t h e  e f fec ts  noted i n  F i gu re  X I X  i n  which i t  i s  seen t h a t  t h e  1,000 
mgla k a o l i n  suspension r e s u l t e d  i n  o n l y  s l i g h t l y  l e s s  e f f e c t i v e  decomposi t ion 
than t he  o r i g i n a l  suspension which con ta ined  no k a o l i n .  
These r e s u l  t s  i n d i c a t e  t h a t  s i g n i f i c a n t  photochemical decomposi t ion 
o f  bo th  BA and BP may be expected t o  occur  i n  any stream system i n  which 
s u f f i c i e n t  l i g h t  energy i s  a v a i l a b l e  a t  t h e  su r f ace  o f  t h e  stream and 
s u f f i c i e n t  t u rbu lence  i s  p resen t  t o  c a r r y  i n d i v i d u a l  p a r t i c l e s  t o  t he  
su r face .  Photodecomposi t ion i s  t h e r e f o r e  expected even i n  t h e  most t u r b i d  
o f  n a t u r a l  stream systems. 
Na tu ra l  L i g h t  Study 
As a  f i n a l  check o f  t h e  a p p l i c a b i l i t y  o f  t he  l a b o r a t o r y  da ta  t o  n a t u r a l  
systems, samples o f  BA and BP were exposed t o  n a t u r a l  sun l  i g h t  f o r  a  pe r i od  
o f  one day and t h e  decomposi t ion due t o  n a t u r a l  r a d i a t i o n  was analyzed, 
Samples c o n t a i n i n g  1  mgla o f  BP and BA were prepared and exposed 
t o  n a t u r a l  sunl  i g h t  throughout  t h e  day o f  October 10, 1973. The samples 
were n o t  s t i r r e d  through t h e  i r r a d i a t i o n  pe r i od  b u t  were o the rw i se  t r e a t e d  
i d e n t i c a l l y  t o  l a b o r a t o r y  samples. The weather t h a t  p a r t i c u l a r  day was 
m o s t l y  sunny w i t h  o n l y  sca t t e red  c louds,  so t h a t  t he  samples r ece i ved  
d i r e c t  s u n l i g h t  i n t e r m i t t e n t l y  through t h e  day. 
An a n a l y s i s  o f  bo th  samples revea led  t h a t  t he  BP was decomposed t o  a  
concen t ra t i on  o f  0.3 mgla and t h e  BA was decomposed t o  a  concen t ra t i on  of 
0.14 mgla. These f i g u r e s  i n d i c a t e  s l i g h t l y  g r e a t e r  decomposi t ion d u r i n g  
the  t en  t o  e leven  hours o f  s u n l i g h t  a v a i l a b l e  than was exper ienced d u r i n g  
24 hours of f u l l  energy UV i r r a d i a t i o n  i n  t h e  lab .  
The main purpose o f  t h i s  exper iment  was t o  demonstrate, however, t h a t  
t h e  decomposi t ion observed i n  t h e  l a b o r a t o r y  was a c t u a l l y  s i m i l a r  t o  t h a t  
b rough t  about  by  n a t u r a l  r a d i a t i o n .  The decomposi t ion o f  t he  o r i g i n a l  PAH 
and t h e  decomposi t ion products  observed i n d i c a t e  t h a t  t h e  processes 
observed i n  t he  l a b o r a t o r y  may be expected i n  n a t u r a l  systems. 
DISCUSSION AND RELATIONSHIP TO 
WATER RESOURCES PROBLEMS 
The research  conducted i n  t h i s  p r o j e c t  as w e l l  as t h a t  r epo r t ed  
t he  c u r r e n t  l i t e r a t u r e  i n d i c a t e s  t he  impor tance and one p o t e n t i a l  f a t e  
o f  BA and BP i n  n a t u r a l  stream systerns. The c u r r e n t  l i t e r a t u r e  i n d i c a t e s  
t h a t  bo th  BP and BA a r e  p resen t  i n  n a t u r a l  systems and a r e  demonstrated 
carc inogens and p o t e n t i a l  h e a l t h  hazards a t  h i g h  concen t ra t ions ,  a1 though 
t h e i r  c a r c i n o g e n i c i t y  has n o t  beer1 derr~onstrated a t  t h e  l e v e l s  which occur  
i n  n a t u r a l  waters.  The research presented here  d e f i n e s  a  p o r t i o n  o f  t h e  
behav io r  expected i n  n a t u r a l  waters.  The PAH e i t h e r  e n t e r  the  stream as 
p a r t i c u l a t e  m a t t e r  o r  adsorbed on p a r t i c u l a t e  rnat ter  o r  d i s s o l v e d  i n  an 
o rgan i c  so l ven t .  I f  d i sso l ved  i n  a  so lven t ,  t he  PAH become p a r t i c u l a t e  as 
soon as t h e  s o l v e n t  i s  removed. The PAH a r e  n o t  p resen t  as an aqueous 
s o l u t i o n  and may be cons idered e s s e n t i a l l y  i n s o l u b l e  i n  water.  When 
p resen t  i n  water  the  p a r t i c u l a t e  PAH w i l l  adsorb on t he  f i r s t  a v a i l a b l e  
su r face  and remain on t h a t  su r f ace  u n t i l  removed by  chemical decomposi t ion,  
b i o l o g i c a l  a s s i m i l a t i o n ,  o r  d i s s o l u t i o n  i n  an o rgan i c  so l ven t .  
These f i n d i n g s  a re  p a r t i c u l a r l y  s i g n i f i c a n t  i n  v iew o f  t h e  inc reased  
concern about t r a c e  o rgan ics  i n  n a t u r a l  waters.  Whenever t h e  PAH a re  found 
o r  r epo r t ed  i n  n a t u r a l  water  supp l i es  o r  waste waters,  t hey  a r e  found as 
p a r t i c u l a t e  m a t t e r  and n o t  i n  t r u e  s o l u t i o n .  Un fo r t una te l y ,  t h e  commonly 
used a n a l y t i c a l  methods do n o t  d i f f e r e n t i a t e  between t r a c e  o rgan i c  
compounds found i n  s o l u t i o n  and those found adsorbed on p a r t i c u l a t e  m a t t e r  
o r  those p resen t  as p a r t i c u l a t e s  themselves. The f a c t  t h a t  these compounds 
a re  p resen t  as p a r t i c u l a t e s  w i l l  a f f e c t  bo th  t h e  t rea tment  methods used, 
t h e  e f f e c t i v e n e s s  o f  v a r i o u s  t rea tment  methods, and t h e  b i o l o g i c a l  e f f e c t s  
o f  these compounds. 
Chemical o x i d a t i o n  w i l l  o x i d i z e  and decompose b o t h  BA and BP. The 
o x i d a t i o n  methods most p robab ly  encountered i n  t r ea tmen t  methods o r  i n  
n a t u r a l  systems a r e  o x i d a t i o n  by c h l o r i n e ,  by  ozone, and by  u l t r a v i o l e t  
i r r a d i a t i o n .  O f  t h e  t h r e e  o x i d a t i o n  methods, o n l y  u l t r a v i o l e t  i r r a d i a t i o n  
would be l i k e l y  t o  occur  o u t s i d e  o f  t h e  immediate v i c i n i t y  o f  a  water  o r  
wastewater t r ea tmen t  p l a n t .  
U l t r a v i o l e t  r a d i a t i o n  does decompose bo th  BP and BA. So la r  r a d i a t i o n  
produces s u f f i c i e n t  u l t r a v i o l e t  energy t o  decompose bo th  BA and BP even 
on c loudy  days and i n  t u r b i d  streams. Th i s  decomposi t ion i n i t i a l l y  y i e l d s  
t he  quinones o f  b o t h  hydrocarbons which then themselves degrade under UV 
i r r a d i a t i o n  t o  u n i d e n t i f i e d  secondary products .  Furthermore, decomposi t ion 
may occur  a t  s i g n i f i c a n t  depth i n  n a t u r a l  waters .  I n  c l e a r  water,  u l t r a -  
v i o l e t  r a d i a t i o n  o f  380 nm decreases o n l y  2.1 percen t  f o r  each meter o f  
depth (Hutchinson, 1957), thus a t  a  depth o f  25 meters  i n  c l e a r  water  t h e  
i n t e n s i t y  o f  u l  t r a v i o l  e t  r a d i a t i o n  would be reduced t o  o n l y  s l  i g h t l y  
l e s s  than one h a l f  o f  i t s  su r face  i n t e n s i t y .  
T h i s  decomposit ion process i s  p a r t i c u l a r l y  s i g n i f i c a n t  i n  t h a t  t h e  
p r imary  products  formed a re  q u i t e  s i m i l a r  t o  t he  p r imary  carc inogen ic  
agents i d e n t i f i e d  i n  the  b i o l o g i c a l  ca rc inogen ic  process o f  these hydro- 
carbons. Th i s  imp1 i e s  t h a t  decomposit ion, r a t h e r  than rerrloving these 
compounds f rom concern, may ac tua l  1  y enhance the  carc inogen ic  a c t i v i t y  
o f  t h e  hydrocarbons. The p u b l i c  h e a l t h  i m p l i c a t i o n s  o f  these concepts 
a re  obvious and c e r t a i n l y  r e q u i r e  more research. 
The decomposit ion r e a c t i o n  i t s e l f  f o l l o w s  f i r s t  o rde r  k i n e t i c s  f o r  
bo th  compounds i n  s o l u t i o n .  The p a r t i c u l a t e  PAH, however, a re  decomposed 
o n l y  on t h e  sur face.  BP i s  decomposed t o  an apparent depth o f  approx imate ly  
0.2 pm. T h i s  decomposed l a y e r  then appa ren t l y  forms an u l t r a v i o l e t  s h i e l d  
thus p reven t i ng  f u r t h e r  decomposit ion o f  t he  remain ing BP. Whi le 
p a r t i c u l a t e  BA apparen t l y  f o l l o w s  a s i r n i l a r  decornposit ion process i n  
which t h e  sur face  i s  decomposed, e i t h e r  t h e  decornposit ion products  a re  
s o l u b l e  and a r e  thus c a r r i e d  away, o r  they  a re  t ransparen t  t o  UV l i g h t  
a l l  owing BA t o  be complete ly  decomposed w i t h  t ime. The decomposit ion o f  
p a r t i c u l a t e  BA a l s o  f o l l o w s  f i r s t  o rde r  k i n e t i c s  as does t he  decomposit ion 
o f  BA i n  s o l u t i o n .  The r a t e ,  however, i s  s i g n i f i c a n t l y  s lower  than t h a t  
exper ienced i n  s o l u t i o n ,  e i t h e r  due t o  t h e  lower  n e t  concen t ra t i on  exposed 
t o  u l  t r a v i o l e t  1  i g h t  o r  due t o  a  1  i m i t i n g  process such as mass t r a n s f e r  o f  
t he  decomposit ion products  away f rom t h e  sur face.  Again, t h i s  area needs 
f u r t h e r  research. 
The decomposit ion process i s  appa ren t l y  una f f ec ted  by t h e  chemis t ry  of 
t he  surrounding water except  as p a r t i c l e s  a r e  adsorbed on p a r t i c u l a t e  
m a t e r i a l .  Adsorp t ion  on t he  sur face  appa ren t l y  enhances decomposit ion o f  
PAH and decomposit ion w i l l  con t inue  t o  occur even i n  h i g h l y  t u r b i d  waters 
as l ong  as t he  i n d i v i d u a l  PAH p a r t i c l e s  a r e  t r anspo r ted  so t h a t  they  a r e  
exposed t o  UV l i g h t  o f  s u f f i c i e n t  energy. Th i s  i s  t r u e  even i f  t h e  
t r a n s p o r t  a l l ows  exposure t o  u l t r a v i o l e t  l i g h t  o n l y  f o r  s h o r t  per iods  o f  
t ime. 
I n  n a t u r a l  stream systerns, t he re fo re ,  both BP and BA w i l l  decornpose 
by u l t r a v i o l e t  degradat ion.  A  r e s i d u a l  o f  o r i g i n a l  BP w i l l  remain, 
however, w i t h  a  r e l a t i v e  degree o f  s t a b i l i t y  as t h e  c o r e  o f  t he  o r i g i n a l  
p a r t i c l e  i s  p ro tec ted  by a  l a y e r  o f  decomposit ion products.  The d u r a t i o n  
o f  t h a t  s t a b i l i t y  i s  a  f u n c t i o n  o f  t h e  mass t r a n s p o r t  o f  the  p r o t e c t i v e  
l a y e r s  away f rom t h e  p a r t i c l e  i t s e l f .  BA i s  l i k e w i s e  p ro tec ted  a l though 
the  mass t r a n s p o r t  occurs r e l a t i v e l y  r a p i d l y .  
T h i s  research  has r e s u l t e d  i n  a  rlumber o f  s i g n i f i c a n t  f i r ~ d i r ~ g s  
i n c l u d i n g  t h e  f a c t  t h a t  t h e  PAH a r e  p resen t  o r ~ l y  as p a r t i c u l a t e  ma t te r  
and n o t  i n  s o l u t i o n  i n  water.  Furthermore, t h e  photodecomposit ion of 
BP has been demonstrated i n  water, i n d i c a t i n g  t h a t  t he  p a r t i c u l a t e  BP 
decomposes o n l y  t o  a  depth o f  approxirnately 0.2 pm, p r o t e c t i n g  any BP 
underneath from f u r t h e r  decomposit ion. T h i s  may i n  p a r t  account f o r  t he  
h i g h l y  s t a b l e  r e s i d u a l  o f  BP apparen t l y  found i n  a  number o f  n a t u r a l  waters. 
O f  g rea te r  s i g n i f i c a n c e  i s  t h e  f i n d i n g  t h a t  BA, c u r r e n t l y  considered 
t o  be s t a b l e  t o  UV i r r a d i a t i o n ,  w i l l  d e f i n i t e l y  decompose under UV 
r a d i a t i o n  a t  i n t e n s i t y  l e v e l s  found i n  t he  environrr~ent.  The h e a l t h  hazards 
o f  bo th  BA and BP remain t o  be examined, however. 
Whi le  t h i s  r e s e a r c h  has exposed much new i n f o r m a t i o n ,  i t  has i n  some 
r e s p e c t s  r e v e a l e d  more ques t ions  than  i t  has answered. Wh i le  t h i s  
research  has d e f i n i t e l y  he lped t o  f u r t h e r  d e f i n e  t h e  f a t e  o f  t h e  p o l y -  
n u c l e a r  hydrocarbons i n  n a t u r a l  stream systems, much a d d i t i o n a l  research  
i s  needed b e f o r e  t h e  complete n a t u r e  o f  photochemical  decomposi t ion o f  t h e  
PAH i s  determined and b e f o r e  t h e  r o l e  o f  t h i s  process i n  t h e  t o t a l  f a t e  
o f  t h e  hydrocarbons i n  n a t u r a l  stream systems can be c o m p l e t e l y  eva lua ted .  
CONCLUSIONS 
1. Benzpyrene and benzanthracene a r e  p resen t  i n  n a t u r a l  wa te rs  o f  a l l  
t ypes  i n  d e t e c t a b l e  q u a n t i t i e s .  They a r e  a l s o  found i n  and concen t ra ted  
b y  t h e  b i o t a  i n  t h e  water  and a r e  p r e s e n t  i n  bot tom and suspended 
sediments. 
2. BP and BA a r e  demonstrated carc inogens a t  h i g h  c o n c e n t r a t i o n s  and 
t h e i r  presence i n  water  p resen ts  a  p o t e n t i a l  h e a l t h  hazard. 
3. When p r e s e n t  i n  water ,  BP and BA a r e  n o t  i n  s o l u t i o n  b u t  a r e  p r e s e n t  
as s o l i d  m a t t e r ,  e i t h e r  adsorbed on ano ther  s u r f a c e  o r  as  p a r t i c u l a t e s .  
P a r t i c u l a t e  BA and BP w i l l  adsorb on t h e  f i r s t  a v a i l a b l e  surface upon 
e n t e r i n g  an aqueous system and w i l l  remain u n t i l  decomposed o r  
d i s s o l v e d  i n  an o r g a n i c  non-po la r  s o l v e n t .  
4. BA and BP w i l l  decompose under u l t r a v i o l e t  i r r a d i a t i o n ,  o x i d i z i n g  t o  
f o r m  t h e i r  quinones as p r imary  decomposi t ion p roduc ts  i n  f i r s t  o r d e r  
r e a c t i o n s .  The quinones formed w i l l  t hen  decompose f u r t h e r  u n t i l  
compounds no l o n g e r  s u s c e p t i b l e  t o  u l t r a v i o l e t  decomposi t ion a r e  
formed . 
5. The decomposi t ion of BP p a r t i c l e s  produces p roduc ts  which a c t  as 
an u l t r a v i o l e t  s h i e l d ,  a l l o w i n g  decomposi t ion o f  a  l a y e r  o f  BP 
approx imate ly  0.2 pm t h i c k .  T h i s  su r f ace  l a y e r  then a c t s  as a  
s h i e l d ,  p r o t e c t i n g  t h e  BP underneath f rom f u r t h e r  decomposi t ion.  
The BA decomposi t ion p roduc ts  a r e  e i t h e r  s o l u b l e  i n  water  o r  
t r a n s p a r e n t  t o  u l t r a v i o l e t  r a d i a t i o n  and a1 low BA p a r t i c l e s  t o  
decompose compl e t e l y .  
6. BA r e q u i r e s  a  minimum th resho ld  o f  u l t r a v i o l e t  energy be fo re  i t  w i l l  
beg in  t o  decompose. Below t h e  minimum r e q u i r e d  t h r e s h o l d  l e v e l  BA 
appears t o  be s t a b l e  and w i l l  n o t  o x i d i z e .  
7. The decomposi t ion o f  BP and BA i s  n o t  s i g n i f i c a n t l y  a f f e c t e d  by 
changes i n  pH o r  i o n i c  s t r e n g t h  t y p i c a l  o f  n a t u r a l  waters .  Some 
s p e c i f i c  compounds, however, may promote o r  r e t a r d  decomposi t ion.  
8. Decomposi t ion w i l l  con t i nue  i n  h i g h l y  t u r b i d  waters  as l o n g  as t h e  
i n d i v i d u a l  p a r t i c l e s  a r e  t r anspo r t ed  s u f f i c i e n t l y  c l o s e  t o  t h e  
su r f ace  o f  t h e  water  t o  r e c e i v e  r a d i a t i o n  o f  s u f f i c i e n t  energy. 
Adsorp t ion  on bottom m a t e r i a l s  such as k a o l i n i t e  does n o t  adve rse l y  
a f f e c t  decomposi t ion and may enhance deg rada t i o r~  by u l t r a v i o l e t  
1  i g h t .  
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